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Performance of High Mobility MIMO
Communications with Doppler Diversity
Xiaoyun Hou, Jie Ling, Dongming Wang
Abstract—Rapid change of the channels in high-speed mobile
communications will lead to difficulties in channel estimation and
tracking, but can also provide Doppler diversity. In this paper,
the performance of multiple-input multiple-output system with
pilot-assisted repetitive coding and spatial multiplexing has been
studied. With minimum mean square error (MMSE) channel
estimation, an equivalent channel model and the corresponding
system model are presented. Based on the random matrix
theory, the asymptotic expressions of the normalized achievable
sum rate of linear receivers, such as maximal ratio combining
(MRC) receiver, MMSE detection and MRC-like receiver are
derived. In addition, according to the symbol error rate of the
MRC-like receiver, the maximum normalized Doppler diversity
order, the minimum coding gain loss can be achieved when the
repetition number and the signal to noise ratio tend to infinity
and corresponding conditions are also derived. Based on the
theoretical results, the impacts of different system configurations
and channel parameters on system performance have been
demonstrated.
Index Terms—Doppler diversity, MIMO, deterministic equiv-
alent, high mobility wireless communication system.
I. INTRODUCTION
With the popularization of high-speed data services, the
demand for high-performance wireless communication on high
speed train (HST) is also increasing. However, as a typical
application of 4G/5G, the wireless data throughput on HST is
still a short board in the cellular communication systems [1],
[2]. For high mobility communications, Doppler spread will
far exceed the value considered in the design of traditional mid
and low speed communication systems. Fast changing small-
scale fading and short coherence time will make it difficult
to accurately estimate and track channel parameters with pilot
signals. The increase of channel estimation error, in turn, can
result in degradation of system performance.
Diversity technology is a commonly used anti-fading tech-
nology in wireless mobile communications [1]. Since the
probability that a statistically independent channel experiences
deep fading at the same time is extremely low, the same
signal can be transmitted on different channels to achieve
diversity gain. In a high mobility scenario, considering the
fast change of the channel and transmitting the same signal
at different time slots, Doppler diversity can be exploited,
thereby the system performance could be improved. In [3]
joint multipath-Doppler diversity with perfect channel state
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information (CSI) was proposed and the validity of Doppler
diversity was proved. In high mobility scenarios, the channel
estimation error will not be negligible. For a fast fading
channel with short coherence time, the channel estimation
performance could be worse, while higher Doppler diversity
could be exploited [4]. In [5], the performance of Doppler
diversity under imperfect channel estimation was studied, and
the trade-off between channel estimation error and Doppler
diversity was derived. In [6], the results were further extended
to single-input multiple-output systems.
Currently, the research on Doppler diversity is mainly
focused on single transmit antenna system. Doppler diversity
could improve the reliability of the system, while it may lead
to low spectral efficiency due to the repetition code. Multiple-
input multiple-output (MIMO) technology could make full
use of spatial resources and then increase spectral efficiency
without additional transmission power. MIMO has become a
key technology of many wireless communications standards.
By using large-scale antenna arrays at the base station, which
is also known as massive MIMO, performance could be further
improved [7]–[9]. Massive MIMO has been adopted by the 5G
NR standard. In [10] and [11], channel estimation techniques
for Massive MIMO systems with high mobility are studied.
[12] studied how to overcome Doppler effect with Massive
MIMO in high mobility scenarios. The application of Doppler
diversity technology in MIMO system could improve the
throughput and reliability for high mobility wireless commu-
nications. However, under imperfect CSI, the performance of
MIMO system using Doppler diversity has not been studied.
In this paper, we study the MIMO system with repetitive
coding to achieve Doppler diversity in high mobility commu-
nications. Major contributions include:
1) For a MIMO system with pilot-assisted repetitive coding
and spatial multiplexing, the equivalent channel model
of MIMO time-varying channel with imperfect channel
estimation was established. The model can be regarded
as a more general form of [5], [6].
2) For maximum ratio combining (MRC) and MRC-like
linear receiver, the asymptotic expression of SINR
of the system under Doppler diversity was derived.
The deterministic equivalent of the normalization rate
for minimum-mean-squared-error (MMSE) receiver was
given. The results have shown that the method could
obtain a good approximation of the normalization rate
even when the antenna size is small and the number of
repetitions is small.
3) The performance of Doppler diversity including diver-
sity order and minimum coding gain loss for MRC-
2like receiver has been derived. The explicit relationship
between Doppler diversity gain, coding gain loss and
system parameters have been revealed.
The rest of this paper is organized as follows: Section II
gives the signal model, channel model, channel estimation
and equivalent model of a MIMO system using pilot-assisted
repetitive coding. Section III studies the SINR performance of
MRC receiver and the SINR performance of MMSE detection
under imperfect CSI. Section IV derives the Doppler diversity
order and coding gain loss of MRC-like receiver based on the
average symbol error rate(SER). Sections V gives numerical
results and Section VI summarizes the whole paper.
The symbols used in this paper are described below. Bold
lowercase letters and bold uppercase letters represent vectors
and matrices, respectively. IM denotes the unit matrix of
dimension M × M . | · | represents the absolute value of a
scalar. [·]T and [·]H represent vector or matrix transposes and
conjugate transposes, respectively. Cm×n represents the set of
m×n-dimensional complex matrices. E [·] and cov [·] represent
mathematical expectation and covariance, respectively. Tr [·]
means the trace of the matrix. diag (x) represents a diagonal
matrix with x as the main diagonal value. CN (0, σ2) de-
notes the distribution of circular symmetric complex Gaussian
(CSCG) with mean value 0 and variance σ2.
a.s.−−→denotes
Almost Sure (a.s.) convergence.
II. PILOT-ASSISTED REPETITIVE PRECODING MIMO
SYSTEM MODEL
A. System Description
Consider an MIMO wireless communications system with
NT transmitting antennas and NR receiving antennas. As-
suming the receiver is working with high mobile speed. As
shown in Fig.1, a transmission frame includes N pilot slots
and data slots. At the transmitter, the modulated symbols
are converted from series to parallel to make multiple data
blocks, and then mapped to different transmitting antennas. It
is assumed that the data block transmitted on the t-th transmit
antenna is composed of K independent M -ary phase-shift-
keying (MPSK) symbols, denoted as st=[st,1, · · · ,st,K ]T, and
the data block is repeatedly transmitted N times.
In order to obtain CSI, pilot signals are inserted between
duplicate data blocks. In order to avoid interference between
antennas, different transmitting antennas use orthogonal pi-
lots. For convenience, each transmitting antenna transmits
pilot signals at different time. A frame on a transmitting
antenna contains pilot and data symbols, expressed as xt =[
pTt,1, s
T
t , · · · ,pTt,N , sTt
]T
. The time interval between adjacent
pilot slots is TP = (NT +K)T , T is the symbol interval time
of the channel. The energy allocated to each pilot symbol
and data symbol is EP and EC, respectively, for a total of
NS = (NT + K)N symbols. The energy allocated to each
unmodulated data bit can be expressed as
Eb =
EPN + ECKN
Klog2M
where M is the modulation order. According to proposition 2
in [13], as long as the pilot interval satisfies (NT +K)T ≤
0.5/fD , accurate channel estimation could be obtained.
Fig. 1. Pilot-assisted MIMO system with repetitive coding (NT=2)
B. Channel Model
Let ht,r(n) denote the discrete-time channel coefficients
obtained by the n-th sampling between the t-th transmitting
antenna and the r-th receiving antenna. Assuming that the
channels between different antenna pairs are independent and
undergo Rayleigh fading, that is
E
[
ht1,r1 (m)h
∗
t2,r2
(n)
]
=0, r1 6= r2 or t1 6= t2 (1)
where ht,r(n) is a symmetric complex Gaussian process with
zero mean and satisfies
E
[
ht,r (m)h
*
t,r (n)
]
=J0 (2pifD|m− n|T ) (2)
In (2), J0 () is the first kind of zero-order Bessel function, fD
is the maximum Doppler spread. In this paper, it is assumed
that fD is known and the estimation of fD can be referred to
[14].
C. Pilot Signal Model
Denote the timing indices of the n-th pilot symbol on the
t-th transmitting antenna in a transmission frame as:
it,n = t+ (n− 1)(NT +K), n=1, · · · , N.
The pilot symbols received by the r-th receiving antenna from
the t-th transmitting antenna can be expressed as:
yP,t,r =
√
EPXPhP,t,r + zP,t,r, (3)
where
yP,t,r=
[
yr (it,1) · · · yr (it,N )
]T ∈ CN×1,
XP = diag
([
p1 · · · pN
])
,
hP,t,r=
[
ht,r (it,1) · · · ht,r (it,N )
]T ∈ CN×1,
zP,t,r=
[
zr (it,1) · · · zr (it,N )
]T ∈ CN×1
are received pilot signal vector, transmitted pilot matrix, chan-
nel vector and additive white Gaussian noise(AWGN) vector. It
is assumed that the noise vector is a zero-mean CSCG random
vector with covariance matrix σ2IN .
D. MMSE Channel Estimation
The timing indices of the k-th data symbol on the t-th
transmitting antenna in a transmission frame can be expressed
as:
kn = NT + k + (n− 1)(NT +K), n=1, · · · , N.
Then the vector of all channel coefficients corresponding to
the k-th data symbol between the t-th transmitting antenna
and the r-th receiving antenna is
ht,r,k=
[
ht,r (k1) · · · ht,r (kN )
]T
.
3With the received N slots pilot signals and the known channel
statistics, and according to the principle of MMSE, the channel
estimation of ht,r,k can be expressed as [5],
hˆt,r,k =
√
EpRP,t,kX
H
P
(
EPXPRPX
H
P + σ
2IN
)−1
yP,t,r,
(4)
where
RP=E
[
hP,t,rh
H
P,t,r
] ∈ RN×N ,
is a Toeplitz matrix, and its first column is given by
rP =
[
ρ0 · · · ρN−1
]T
, ρn = J0 (2pifD |n|TP) .
RP is not related to t and r. Because of the symmetry, the
first column is the same as the first row. In (4),
RP,t,k=E
[
ht,r,kh
H
P,t,r
] ∈ RN×N ,
is also a Toeplitz matrix. Because the first kind of zero-order
Bessel function J0 (x) is even when x is real, the first column
and the first row can be written as[
τt,0 τt,−1 · · · τt,−N+1
]T
,
[
τt,0 τt,1 · · · τt,N−1
]
where
τt,n=J0 (2piT [NT + k − t− n (NT +K)]) ,
is not related to r. When orthogonal pilot sequences are used,
that is, XPX
H
P = IN , by using the following matrix inversion
equation,
CD (A+BCD) =
(
C−1 +DC−1B
)−1
DA−1,
(4) can be rewritten as
hˆt,r,k =
√
EpRP,t,k
(
EPRP + σ
2IN
)−1
XHP yP,t,r. (5)
Define the channel estimation error as,
h˜t,r,k=ht,r,k − hˆt,r,k.
Then, according to the MMSE estimation principle, the co-
variance matrices for the estimated channel vector hˆt,r,k and
the error h˜t,r,k can be expressed as [15],
Rˆt,k = RP,t,k
(
RP +
1
γP
IN
)−1
RHP,t,k, (6)
R˜t,k = Rk −RP,t,k
(
RP +
1
γP
IN
)−1
RHP,t,k, (7)
respectively, where γP = EP/σ
2 is the pilot signal to noise
ratio and Rk = E
[
ht,r,kh
H
t,r,k
]
. According to the frame
structure and the properties of Bessel function, Rk = RP.
E. Equivalent System Model
Let
yk = [y
T
1,k, · · · ,yTNR,k]
T
,
denote the collection of the N slots received signals of all
receiving antennas corresponding to the k-th data vector sk.
yk can be expressed as,
yk =
√
ECHksk + zk, (8)
where the channel matrix Hk is denoted as:
Hk =
[
HT1,k · · · HTNR,k
]T
Hr,k =
[
h1,r,k · · · ht,r,k · · · hNT,r,k
]
According to the definition of channel estimation error, the
channel matrix can be expressed as,
Hk = Hˆk + H˜k. (9)
Then, (8) can be rewritten as
yk =
√
ECHˆksk + zˆk, (10)
where
zˆk =
√
ECH˜ksk + zk.
With (7), we have
cov (zˆk, zˆk) = ECR˜k = INR ⊗
(
EC
NT∑
t=1
R˜t,k + σ
2IN
)
.
(11)
Moreover, the covariance matrix of the t-th column of Hˆk can
be expressed as,
cov
(
hˆt,k, hˆt,k
)
= INR ⊗ Rˆt,k. (12)
Remark: We establish a pilot-assisted repetitive precoding
MIMO system signal model under imperfect CSI. It can be
seen that for the k-th transmission vector sk in the data
block, the covariance matrices of different columns of its
corresponding channel matrix Hˆk are different. This is mainly
due to the use of time division to transmit pilots of different
antennas. This also brings difficulties for further analysis of
system performance.
III. CAPACITY ANALYSIS OF MRC, MMSE AND
MRC-LIKE RECEIVER
Next, we will study the spectral efficiency of the system
represented in formula (10) with different receivers. We first
study the MRC receiver and give its asymptotic rate analysis.
Then the deterministic equivalent for the SINR of MMSE
receiver is studied. Finally, the asymptotic rate of MRC-like
receivers is analyzed.
A. Asymptotic Achievable Sum-Rate of MRC Detection
When the receiver uses MRC receiver, the detection of
the k-th data symbol of the t-th transmitting antenna can be
expressed as
sˆMRC,t,k =EChˆ
H
t,khˆt,kst,k + EC
NT∑
l=1,l 6=t
hˆHt,khˆl,ksl,k
+
√
EChˆ
H
t,kzˆk. (13)
So the corresponding SINR can be expressed as [16],
γMRC,t,k=
∣∣∣hˆHt,khˆt,k∣∣∣2
hˆHt,k
(
Hˆ[t],kHˆ
H
[t],k + R˜k
)
hˆt,k
(14)
4where Hˆ[t],k is the result of Hˆk removing the t-th column.
According to Theorem 3.4 of [17], when NNR →∞:
1
NNR
hˆHt,khˆt,k
a.s.−−→ 1
N
Tr
(
Rˆt,k
)
(15)
1
NNR
hˆHt,k
(
Hˆ[t],kHˆ
H
[t],k + R˜k
)
hˆt,k
a.s.−−→
1
NNR
Tr
((
INR ⊗ Rˆt,k
)(
Hˆ[t],kHˆ
H
[t],k + R˜k
))
a.s.−−→
1
N
Tr

 NT∑
l1=1,l1 6=t
Rˆt,kRˆl1,k + Rˆt,k
(
NT∑
l2=1
R˜l2,k +
1
γC
IN
)
(16)
where γC = EC/σ
2 is the data signal to noise ratio. By further
using Theorem 3.4 and 3.7 of [17] to (16) and together with
(15), we can get:
γMRC,t,k
a.s.−−→ γ¯MRC,t,k (17)
where γ¯MRC,t,k is given at the bottom of this page. Since
repetitive coding requires multiple time slots to transmit the
same data block, we define the normalized achievable sum-
rate as follows to better reflect the spectral efficiency of the
system:
RMRC,k =
1
N
NT∑
t=1
log2 (1 + γMRC,t,k) (19)
From the Remark 5 of [18], by the control convergence
theorem, it satisfies:
RMRC,k − 1
N
NT∑
t=1
log2 (1 + γ¯MRC,t,k)
a.s.−−→ 0 (20)
According to (20) asymptotic results, we can get an approxi-
mate expression of normalized sum-rate of MRC.
B. Asymptotic Achievable Sum-Rate of MMSE Detection
In this section, we analyze the SINR of MMSE receiver
under imperfect CSI, and present a method to calculate the
normalized achievable sum-rate of the system based on deter-
ministic equivalent.
When linear MMSE detection is used, the output SINR
of the k-th symbol on the t-th transmitting antenna can be
expressed as
γMMSE,t,k=hˆ
H
t,k
(
Hˆ[t],kHˆ
H
[t],k + R˜k
)−1
hˆt,k (21)
Let
h˘t,k =

INR ⊗
(
NT∑
t=1
R˜t,k +
1
γC
IN
)− 1
2

 hˆt,k.
H˘k=
[
h˘1,k · · · h˘NT,k
]
.
Then we have
γMMSE,t,k=h˘
H
t,k
(
H˘[t],kH˘
H
[t],k + INNR
)−1
h˘t,k
H˘[t],k is a sub-matrix of H˘k with removing column t. Since
cov
(
h˘t,k, h˘t,k
)
= INR⊗

(
NT∑
l=1
R˜l,k +
1
γC
IN
)- 1
2
Rˆt,k
(
NT∑
l=1
R˜l,k +
1
γC
IN
)- 1
2

 .
According to Theorem 3.4 of [17] when NNR →∞:
1
NNR
γMMSE,t,k
a.s.−−→ mB,Q. (22)
Define
B , H˘[t],kH˘
H
[t],k
Q , cov
(
h˘t,k, h˘t,k
)
mB,Q ,
1
NNR
Tr
[
Q(B + INNR)
−1
]
According to Theorem 1 of [18]:
mB,Q
a.s.−−→ moB,Q (23)
In (23),
moB,Q =
1
NNR
Tr (QT ) (24)
T=

 NT∑
l=1,l 6=t
Φl
1 + el
+ INNR


−1
(25)
Φl = cov
(
h˘l,k, h˘l,k
)
(26)
where el is the only solution to the following equation:
el=Tr (ΦlT ) (27)
Matrix T can be obtained by iterative calculations using
(25)(26)(27). Then deterministic equivalent of γMMSE,t,k can
be obtained without knowing the exact value of hˆt,k. Similarly,
from the Remark 5 of [18], by the control convergence
theorem, we can get the asymptotic value of the normalized
achievable sum-rate of MMSE receiver.
γ¯MRC,t,k =
NRTr
2
(
Rˆt,k
)
NT∑
l1=1,l1 6=t
Tr
(
Rˆl1,kRˆt,k
)
+ Tr
(
Rˆt,k
(
NT∑
l2=1
R˜l2,k +
1
γC
IN
))
(18)
5C. Asymptotic Achievable Sum-Rate of MRC-like Receiver
To further improve the performance of MRC receiver, we
also consider a MRC-like receiver. To detect the k-th data
symbol of the t-th transmitting antenna, we first perform the
whitening of interference-plus-noise with the statistics of the
CSI and then do the MRC receiver. Rewrite (10) as
yk =
√
EChˆt,kst,k + z˘k, (28)
where
z˘k =
√
EC
NT∑
l=1,l 6=t
hˆl,ksl,k + zˆk.
The operation for the whitening of interference-plus-noise is
denoted as
y¯k = RW,t,kyk, (29)
where
RW,t,k
∆
=

INR ⊗

EC NT∑
l1=1,l1 6=t
Rˆl1,k
+EC
NT∑
l2=1
R˜l2,k + σ
2IN
)]− 1
2
.
The signal model is now rewritten as:
y¯k =
√
ECH¯ks¯k + z¯k, (30)
where H¯k=RW,t,kHˆk. Then, the estimated data symbols are
given by
sˆMRC-like,t,k =
√
ECh¯
H
t,ky¯k (31)
The SINR of MRC-like can be expressed as (32), which is
shown on the bottom of this page. Similar to MRC receiver,
by using Theorem 3.4 and 3.7 of [17], we have
γMRC-like,t,k
a.s.−−→ γ¯MRC-like,t,k, (33)
where
γ¯M-MRC,t,k
a.s.−−→ NRTr
((
Rˆt,k
) 1
2
×

 NT∑
l1=1,l1 6=t
Rˆl1,k +
NT∑
l2=1
R˜l2,k +
1
γC
IN


-1(
Rˆt,k
) 1
2


(34)
Define
RMRC-like,k =
1
N
NT∑
t=1
log2 (1 + γMRC-like,t,k). (35)
Also by the control convergence theorem,
RMRC-like,k − 1
N
NT∑
t=1
log2 (1 + γ¯MRC-like,t,k)
a.s.−−→ 0 (36)
We will show in the simulations that when N is large, the
performance of the MRC-like receiver will approach MMSE.
IV. DOPPLER DIVERSITY ORDER AND CODING GAIN
LOSS FOR MRC-LIKE RECEIVERS
In this section, we first obtain the average SER expression
when the system uses MRC-like receivers. Based on the SER
expression, we study the maximum Doppler diversity order
and the minimum coding gain loss that can be achieved in
this case.
A. Average SER of MRC-like Detection
For the convenience of analysis, we assume that the specific
CSI corresponding to other transmitting antennas is unknown
when estimating the data symbols of the t-th antenna, and
sˆM-MRC,t,k obeys the Gaussian distribution with st,k and h¯t,k
as conditions. The conditional mean and conditional variance
can be given by,
usˆ|h¯,s,t,k=ECh¯
H
t,kh¯t,kst,k,
σ2
sˆ|h¯,s,t,k=ECh¯
H
t,kh¯t,k.
According to Appendix C in [5], the conditional probability
density function of sˆM-MRC,t,k is integrated according to the
range of decision domain. By using the symmetry of MPSK
constellation points and the moment generating function of
complex Gaussian random vector quadratic form, the average
bit error rate of MRC-like detection can be obtained,
P¯e,t,k =
1
pi
∫ Θ
0
[
det
(
IN +
CM
sin2θ
At,k
)]−NR
dθ (37)
where Θ=pi−pi/M ,CM = sin2 (pi/M),
At,k=Rˆt,k

 NT∑
l=1,l 6=t
Rˆl,k +
(
NT∑
t=1
R˜t,k +
1
γC
IN
)

-1
(38)
B. Doppler Diversity Order of MRC-like Detection
Based on the Jensen’s inequality and the fact sin2θ ≤ 1, the
upper and lower bounds of log
(
P¯e,t,k
)
can be obtained.
ηU= log v −NR log[det(IN + CMAt,k)] (39)
ηL = log v − NR
piv
∫ piv
0
log[det(IN +
CM
sin2θ
At,k)]dθ (40)
Among them v = 1 − 1/M . From Lemma 2 of [19] , when
NNR →∞:
At,k
a.s.−−→ UHNDUN (41)
γM−MRC,t,k=
∣∣∣h¯Ht,kh¯t,k∣∣∣2
h¯Ht,k
(
H¯[t],kH¯
H
[t],k +RW,t,kR˜kR
H
W,t,k
)
h¯t,k
(32)
6UN is N -dimensional unitary discrete Fourier transform ma-
trix, D is a diagonal matrix with
(D)n,n=

NT − 1
+
(
ΛPP
2(2pi n−1
N
)
NT
γP
ΛPP(2pi
n−1
N
) + 1
γC
ΛPP(2pi
n−1
N
) + 1
γPγC
)−1
−1
ΛPP(Ω) =
2rect( Ω2ωDTP )√
(ωDTP)
2 − Ω2
, −pi ≤ Ω ≤ pi
where ωD=2pifD. It can be found that D is not related to
t and k, and the average SER at this time is P¯e. Define the
energy required to transmit a coded data symbol as
E0 = (1/K)EP+EC,
and the corresponding SNR γ0=E0/σ
2. Define
Ψt,k(γ0) = det(IN + cAt,k),
where c is a constant. Let
δ = ωDTP, γt = NTγC + γP, γP = bγ
ξ
C
where b and ξ are constants. According to the Appendix D of
[5], it can be inferred that:
lim
N→∞
log (Ψt,k (γ0))
N
=
δ
pi
log (4γPγCc)− δ log (2δ)− 2δ
pi
− δ log (2γt)
pi
−
(
γt −
√
4γ2t − δ2
2
)
−
√
4γ2t − δ2
pi
arctan
(√
δ2
4γ2t − δ2
)
(42)
Consider the definition of normalized Doppler diversity order:
D = − lim
γ0→∞
N→∞
log
(
P¯e
)
NTP log (γ0)
(43)
(39) and (40) are substituted into (43) to calculate the upper
and lower bounds of the order of Doppler diversity DU and
DL.By combining result with formulas (41) and (42), c is CM
in the upper bound and CM/sin
2θ in the lower bound,
DU = DL = − lim
γ0→∞
N→∞
NR log (Ψt,k (γ0))
NTP log (γ0)
=
{
2fDNRξ, ξ ≤ 1
2fDNR
1
ξ
, ξ > 1
(44)
D can be obtained by the clamping theorem. Observing (44),
we know that when ξ = 1, the maximum normalized Doppler
order is reached, and the maximum value is 2fDNR.
C. Coding Gain Loss in MRC-like Detection
In this section, the coding gain loss caused by imperfect
CSI in MRC-like detection is derived, and the corresponding
energy allocation scheme of minimum coding gain loss is ob-
tained. As can be seen from [6], the coding gain in logarithmic
form is:
logC = − lim
γ0→∞
N→∞
(
log
(
P¯e
)
NTPD
+ log γ0
)
(45)
Let ξ = 1, combine with (39), (40) and simplify to obtain the
lower and upper bounds under perfect CSI:
logCL= log 2CM + log
(
Kb
(K + b) (NT + b)
)
+ 1− log 2δ
(46)
logCU= logCL − 1
2fDTPpiv
∫ piv
0
2 log (sin θ) dθ (47)
In the case of perfect CSI, no channel estimation is required,
γ0=γC,
(D)n,n=
(
NT − 1 + Λ−1PP (2pi
n− 1
N
)
)−1
corresponding,
lim
N→∞
log
(
Ψ′t,k (γ0)
)
N
=
δ
pi
log (2cγC)− δ log 2δ − δ
pi
(48)
The upper and lower bounds under perfect CSI:
logC′L = log (2CM )+1− log 2δ (49)
logC′U = logC
′
L −
1
2fDTppiv
∫ piv
0
2 log (sin θ) dθ (50)
According to the definition of [6],
ΥLoss(dB) = 10log10C
′
U-10log10CU
= 10log10CL-10log10CL
= 10log10
[
(K + b)(NT + b)
Kb
]
(51)
From the binary mean inequality, the minimum value of (51)
is achieved when b =
√
NTK and the minimum value is
20log10
(
1 +
√
NT/K
)
dB. Combining the above results, the
maximum normalized Doppler diversity order is determined by
the maximum Doppler spread fD and the number of receiving
antennas NR. The minimum coding gain loss is determined
by the number of transmitting antennas NT and the number
of data symbols in a block K .
V. NUMERICAL RESULTS
In this section, we verify the correctness of the proposed the-
ory by numerical results, and analyze the influence of various
parameters on the spectral efficiency of MIMO systems using
Doppler diversity under imperfect CSI. Consider a MIMO
system operating at 1.9 GHz. The symbol transmission rate
is 105 sym/s. Unless otherwise stated, NT=4, NR=8, K=16,
N=15, the modulation type is 4PSK. Pilot and data SNR γC
and γP are both 10dB.
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Fig. 2. Normalized achievable sum-rates of different Receivers as functions
of N at k=1
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Fig. 3. Normalized achievable sum-rates as functions of SNR under low
speed at k=1
Without loss of generality, we first draw the ergodic nor-
malized achievable sum-rates and corresponding analytical
asymptotic results of the three receiving methods under dif-
ferent repetition times N when k takes 1. The speed is set to
113.6 km/h, corresponding to the 200 Hz Doppler spread. The
number of receiving antennas NR=4. The simulation results
are obtained by Monte Carlo method, and the corresponding
results of each point in the graph are obtained by averaging
over 10,000 trials. It can be seen from the figure that the
MMSE receiver has better performance. As N increases, the
normalized sum-rate of each receiver decreases. This means
that the spectral efficiency of the system will decrease with
the increase of the number of repetitions. By comparing the
achievable sum-rates of the three receivers, it is found that the
performance gap narrows gradually with the increase of time
of repetition. On the other hand, it can also be seen that the
ergodic results are in good agreement with the corresponding
analytical asymptotic results, which proves the correctness of
the derivations in this paper.
Fig.3 reflects the change of normalized sum-rates with SNR
at lower mobile speed. Since the correctness of the analytical
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Fig. 4. Normalized achievable sum-rates as functions of SNR under high
speed at k=1
results has been verified above, the analytical results are
directly used here for calculation. The Doppler spread of the
system is 200 Hz. The analytical results of three receivers
with different SNR when NT=4 and NT=8 are calculated
respectively. The number of receiving antennas NR=8 ensures
the normal operation of the space multiplexing receiver. As
can be seen from the figure, as each transmitting antenna
transmits different code words, the system can obtain greater
spatial multiplexing gain and higher achievable sum-rate when
the number of transmitting antennas increases. By comparing
the three receivers, we can also find that the normalized sum-
rate of MMSE receiver at k=1 increases with the increase
of pilot and data symbol SNR under any given NT, while the
achievable rate of MRC receiver hardly changes when the SNR
increases to a certain extent, which is due to the MRC receiver
poor ability to suppress interference, and the interference will
limit the performance of the system when NNR is limited
and fixed. Considering the interference from other antennas,
the sum-rate of MRC-like receiver can keep increasing with
the increase of SNR, and the performance is between the first
two receivers.
In order to study the system at high speed, we keep
the other parameters unchanged in Fig.4, and increase the
speed to 568.4 km/h to obtain the achievable sum-rates of
three receivers in high mobility scenarios. At this speed, the
Doppler spread will reach 1 kHz. As can be seen from the
figure, since the pilot interval still satisfies the requirement of
(NT +K)T ≤ 0.5/fD , the system can still work normally.
Similar to the low speed, the achievable rates of the three
receivers increase with the number of transmit antennas.
Similar to the low speed, the achievable sum-rates of the three
receivers increase with the number of transmit antennas, the
performance of MMSE receiver steadily increases with the
increase of the SNR, the performance of the MRC receiver
is limited by the interference, and the performance of MRC-
like receiver is between the two. By comparing Fig.3 and
Fig.4, we find that MIMO systems with repetitive coding
can achieve a slightly higher rate in high mobility scenarios.
This is because at the same sampling rate, the correlation of
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Fig. 6. Normalized achievable sum-rates as functions of k
channel information corresponding to the repetitive coded data
is weakened. Compared to MMSE receiver, MRC receiver and
MRC-like receiver gain more.
In order to have a more intuitive understanding of the
influence of different fD on the normalized achievable sum-
rate, we calculated the normalized achievable sum-rates under
different fD in Fig.5. The range of fD is 200 Hz to 1000 Hz,
i.e. the speed is 113.6 km/h to 568.4 km/h. The figure shows
that in the system described in this paper, the increase of fD
can significantly improve the performance of MRC receiver
and MRC-like receiver, but has little effect on MMSE receiver.
In Fig.6, we calculate the analytical results of three receivers
corresponding to different values of k and N in the high
mobility scene with 568.4 km/h, namely 1000Hz Doppler
spread. From the figure, we can see that under the simulation
environment we set up, when other conditions are fixed, the
normalized achievable sum-rates of different k are basically
the same. This means that when other conditions are the same,
the performance of different locations in repetitive coding is
basically the same.
In Fig.7, we calculate the normalized achievable sum-rates
of three receivers at 568.4 km/h under large NT. In order to
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and large NT
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Fig. 8. Normalized achievable sum-rates as functions of NR
ensure the normal operation of the system, we set the symbol
transmission rate to 3 × 105 sym/s and let NNR = 100.
As can be seen from the figure, when NT is large, the
trend of influence of NT on system performance is consistent
with Fig.3 and Fig.4. This means that under the environment
parameters we set, more spatial degree of freedom gains
from transmitting antennas will help to improve the overall
performance of the system.
Fig.8 studies the normalized achievable sum-rates of dif-
ferent receivers with NR at high speed. The value of N is
8 or 16, which means that the maximum value of NNR is
640. In this case, with the increase of the number of receiving
antennas, the system obtains more spatial degrees of freedom,
and the system performance of the three receivers is improved.
When other conditions are fixed, the performance gap between
receivers is basically fixed.
In Fig.9, the normalized achievable sum-rates of three
receivers at high speed under large N have been studied as the
value of N changes, set NR to 20. The figure shows that the
performance gap of the three receivers tends to disappear in
the process of increasing N , which means that the normalized
achievable sum-rates of the three receivers will converge when
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N tends to infinity.
The error rate of the MRC-like receiver is calculated in
Fig.10. The analytical result is obtained by (37), both t and k
are 1, NR=4, N=20. It can be seen that the simulation results
and the analytical results match each other, which proves the
correctness of the proposed theory. In addition, it can be seen
that as N increases, the SER decreases steadily, and the speed
of decreasing at a high speed is faster, which is because the
Doppler order that can be obtained at a high speed is higher.
Fig.11 reflects the case where the SER changes with γ0 in
the finite case of N . By definition, γ0= (1/K) γP+γC, choose
NR=4, the speed is 568.4km/h and b =
√
NTK. When N
is finite, the decreasing speed of SER of MRC-like method
decreases with the increase of γ0 while increases with the
increase of N . The simulation results under different ξ values
show that better performance can be achieved under ξ=1,
which is consistent with the conclusion achieved when N
tends to infinity.
Fig.12 simulates the change of SER with b in the case of
limited N , NR=4, speed 568.4km/h and ξ=1. Since the perfect
CSI does not need to consider pilot and data energy allocation,
the SER performance is fixed, so the optimal performance
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Fig. 11. SERs of the MRC-like receiver as functions of γ0
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Fig. 12. SERs of the MRC-like receiver as functions of b
under imperfect CSI corresponds to the minimum performance
loss. The graph shows that when N is finite, the system has
the best performance when b =
√
NTK, which is consistent
with the conclusion when N tends to infinity.
VI. CONCLUSIONS
In this paper, the performance of MIMO system using
repetitive coding to achieve Doppler diversity in high mobility
scenarios is analyzed. Based on MMSE channel estimation,
the equivalent channel model is derived and the asymptotic
expressions of output SINR for MRC, MMSE and MRC-like
receivers are obtained. The SER of MRC-like receiver is also
derived, and the maximum normalized Doppler diversity order
and corresponding conditions are obtained when N and γ0
tend to be infinite, i.e. the pilot energy changes linearly with
the symbol energy of data, and the corresponding conditions
when the minimum coding gain loss is obtained, i.e. the linear
parameter b =
√
NTK , the results obtained by simulation
in the non-limiting state are consistent with the conclusions
obtained of theoretical analysis in limit state.
The effects of different system configurations and channel
parameters on system performance are also studied. The
10
simulation results show that in a high-speed MIMO system
using repetitive coding, when the repetition times are limited,
the achievable sum-rates of MMSE receiver are higher than
those of the other two receivers in all cases. In high mobility
scenarios, the increase of speed can increase the sum-rate of
the system. For systems using MMSE receiver, the increase
is almost negligible. For systems using MRC and MRC-
like receiver, the increase of speed is more obvious. The
gap between MMSE receivers and the other two receivers
decreases, but the overall gap remains. For any receiver, the
sum-rate obtained at different positions in repetitive coding
is basically the same. Increasing the number of repetitions
will reduce the normalized achievable sum-rate. Increasing the
number of transmitting and receiving antennas will increase
the degree of spatial freedom, thus the normalized achievable
sum-rate will be increased.
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